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Mathematical analysis of DICOM CT datasets:
Can endograft sizing be automated for complex
anatomy?
Vikash Ravi Goel, MS,a Roy K. Greenberg, MD,a and Donald P. Greenberg, PhD,b Cleveland, Ohio; and
Ithaca, NY
Objectives: To validate the use of a novel mathematical algorithm applied to digital imaging and communication in
medicine (DICOM) computed tomography (CT) data to automate the generation of complex endovascular graft planning.
Methods: An algorithm was developed enabling the creation of patient-specific mathematical model based upon DICOM CT
data to allow for detailed efficient geometric analysis with repeatable results. This algorithm was applied to high resolution
DICOM CT datasets of 15 patients, selected at random from 350 patients with aneurysms involving the visceral arteries. The
longitudinal and rotational relationships of the visceral vessels were determined by the algorithm. For comparison purposes,
the same measurements were acquired manually using centerline of flow software by a blinded investigator. The distance
between the renal arteries, and location of the renal origins calculated with each method were then compared.
Results: Automated results were readily created for all 15 randomly selected patients. The measured versus calculated
mean inter-renal artery distances were exceptionally close, differing by a mean of only 1.3 mm with a maximal range of
3.0 mm. The rotational position of the renal origins differed by only 10.5 degrees of arc (21 clock-face minutes) on
average and by 32.5 degrees in the worst case.
Conclusions: The generation of an automated mathematical model to represent complex aortic geometry is feasible and
reproducible in the context of high-resolution CT data. This process has been validated in 15 patients, where results
corresponded with manual measurements that were used to successfully implant customized devices that accommodate
the imaged vessels. Additional attributes include the expression of the 3D aorta in a compact form (on the order of
kilobytes) for purposes of data storage, transfer, and other manipulations. ( J Vasc Surg 2008;47:1306-12.)
Clinical Relevance: The construct of mathematical representation of patient specific anatomy from CT data is both
feasible and applicable, allowing for automated endograft device design even in the setting of markedly tortuous anatomy
where the repair must incorporate major aortic branches. The process has been validated in 15 patients, where results
corresponded with manual measurements that were used to successfully implant customized devices that accommodate
the imaged vessels. The application of this technology must now be studied in a prospective manner and incorporated into
a system users may readily apply to patients undergoing evaluation. Additional attributes of a mathematical representa-
tion of the arterial tree include the 3D expression from a very compact set of parameters (on the order of kilobytes) for
purposes of data storage, transfer, and other manipulations.Sizing vascular endografts for aneurysms involving
branched vessels is a potentially labor-intensive process
accompanied by a risk for the introduction of errors as a
result of human interpretation. Great advances in the field
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1306of complex endovascular aortic repair have occurred, most
allowing the incorporation of critical branch vessels, upscal-
ing challenges associated with device planning and deploy-
ment more challenging with little effort given to methods that
may simplify the process. Proper device planning requires a
skilled operator to use a sophisticated imaging workstation for
making all the necessary measurements, especially in the set-
ting of complex geometric relationships.
Conventional sizing methods require the use of
three-dimensional (3D) workstations, and the exercise
begins with recognition of the arterial tree from the
surrounding anatomy depicted in the scan; this process is
called segmentation. The next step is the calculation of
an aortic centerline of flow. This is typically done in a
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proximal and distal extent of the treatment area targeted,
and the workstation calculates the center of the arterial
lumen for the interposing segment. The user must then
assess, and modify if necessary, the calculated centerline.
Images are then be reprojected orthogonal to the cen-
terline of flow allowing accurate diameter measurements
and assessment of the radial orientation of visceral ves-
sels. The centerline can then be straightened to allow for
longitudinal measurements to be taken. The results of
the sizing process are then reduced to two-dimensional
measurements expressed as millimeters of aortic length
and rotational position according to a clock face.
This entire process requires judgment and care of the
user. This study evaluates an alternative approach. A novel
method was developed to take the segmented scan from the
imaging workstation to create a mathematical model and
thereby calculate the geometric sizing requirements inde-
pendent of user interpretation. The new software computes
accurate and repeatable centerlines with minimal user in-
put. The clinician must specify the desired region of prox-
imal sealing, and which vessels distal to that are intended to
remain patent. The appropriate calculations are then per-
formed, the geometric relationships are conveyed to the
user, and a proposed mechanical design is suggested. The
goal is to make the sizing process computation-intensive
rather than user-intensive, while simultaneously improving
precision.
MATERIALS AND METHODS
Automated sizing: Computational aspects
The automated sizing system is based on a centerline
extraction algorithm thoroughly detailed in another publi-
cation.1 Briefly, the centerline extraction algorithm was
specifically designed for medical imaging. The ability to
handle complex anatomy, including highly curved geome-
try and bifurcations, was considered to be critically impor-
tant.We did not feel it necessary tominimize the amount of
computer processing, as capable computers are easily af-
forded by the intended users.
There are seven steps to the automated sizing system.
Though the system and its principles are applicable to other
imaging modalities and other regions of anatomy, the
explanations here will use the example of a computed
tomography (CT) scan of the aorta for clarity:
Step 0: Image acquisition. Though not strictly part
of the analysis, image acquisition bears brief discussion. A
good analysis relies on good input. For this study, we used
high-resolution arterial-phase CT scans, with nonionic
contrast and properly timed bolus, reconstructed with slices
thinner than 1mm. These scans provide the raw data for the
remainder of the analysis.
Step 1: Segmentation. Segmentation is simply the
process of identifying which voxels of the CT scan represent
the aortic lumen and which do not. The ability to segment
a scan is a common feature of all medical imaging work-
stations. In this study, a TeraRecon Aquarius (TeraRecon,Inc., San Mateo, Calif) workstation was used to easily and
efficiently perform the segmentation. Fig 1 shows an
example of a segmented scan rendered simply in
three-dimension.
Step 2: Edge detection. Edge detection is the first of
several completely automated steps. In this step, the com-
puter identifies which voxels of the segmented scan lie on
the boundary of the aortic lumen. The result, if viewed
slice-by-slice, is a outlining the vasculature. In 3D, the
edge-detected scan appears as the surface of the aorta with
nothing inside. Fig 2, A shows a simplified example of the
results of edge detection.
Step 3: Distance transformation. The next step is to
calculate the distance transformation of the edge-detected
scan. Each voxel is labeled with the distance to the nearest
edge. If one were to visualize the distance transformation
field, one would see zeros at the boundary of the aorta, with
the numbers rising as one moves away from the boundary,
with the highest numbers in the lumen near the center. Fig
2, B shows the results of a distance transformation applied
to the grid from Fig 2, A.
Step 4: Vector gradient. The vector gradient of the
distance transformation is then computed. This is a form
of 3D derivative, which represents how the field is chang-
ing with respect to the linear dimensions. Because of the
highly structured form of the distance transformation,
the gradient yields a unit vector for each voxel. For every
voxel inside the aorta, this vector points towards the
centerline. It is this property that allows reliable identi-
fication of the centerline. Fig 2, C shows the gradient
field of the grid from Fig 2, B.
Step 5: Centerline identification. There is now
enough information to perform centerline identification.
Because the vector gradient always points towards the
centerline, its direction must rapidly change at the cen-
Fig 1. A view of a segmented scan. Everything other than the
vasculature has been removed.terline itself. To quantify this change in direction, a scalar
regio
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vectors represents how closely aligned they are. So, the
dot product of each voxel and its neighbors in the entire
gradient field is computed. If the resulting value is low,
the voxel is marked as being part of the centerline. This
process effectively locates the centerline of an arbitrarily
complex shape, including bifurcations. Fig 2, D shows
the centerline identified in this manner from the gradient
field in Fig 2, C.
Step 6: Analytical fitting. Analytical fitting is the
critical step of taking the numerical information present
in the voxels of the segmented scan and the centerline-
identified scan and making it useful. An analytical represen-
tation is one which expresses geometry in the form of
Fig 2. A simplified two-dimensional (2D) example of th
an edge-detected scan. The borders of the volume are m
the pattern visible in the values; high numbers appear ne
tion. Note the arrows change direction at the centerline
neighborwise dot product is shown with high values repre
actually at the centerline. The identified centerline is theequations rather than as a collection of points. These equa-tions and parameters, which define the behavior of these
equations, form the mathematical description of the
geometry.
First, by marching along the aortic centerline in a
proximal-to-distal manner, the software generates a math-
ematical model for the curve using a process similar to that
described by Wu et al.2 Given that the user has specified
which branch vessels are to be included in the repair, the
above steps are repeated for each of the branches. The
relationship between the branches and the aorta are then
expressed such that the entire segmented scan can be
defined mathematically. Figs 3 and 4 show the results of
analytical fitting.
Step 7: Measurement. Measurement of the aorta can
terline extraction algorithm. A, A 2D representation of
. B, The distance transformation of the data in (A), note
centerline. C, The gradient of the distance transforma-
e shape. D, Centerline identification. The value of the
d as dark shades of gray. Note that the lightest values are
n marked with white.e cen
arked
ar the
of th
sentethen be performed very efficiently and accurately. Because
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simply as a series of equations and parameters, the locations
and distances needed for stent graft sizing can be calculated
and provided to the user.
Automated sizing: The user’s perspective
Following segmentation, analysis software loads the
data and goes through the series of processing stages. The
lumen centerline is computed and then fit to an analytical
curve. At this stage, the centerline exists as a mathematical
construct, which is used as the basis for an analytical repre-
sentation of the surface of the lumen. Thus, the result is a
complete mathematical description of the aorta and any
branches, which were included in the segmentation.
Once the mathematical model has been computed, the
Fig 3. The analytically-fit centerlines for the aorta and branch
vessels.
Fig 4. The analytically-fit surfaces for the branch vessels. The
aorta’s surface is omitted for clarity.user is shown a 3D representation of the centerlines. Im-ages orthogonal to the centerline are reviewed by the user
to select the proximal sealing zone and calculate a proximal
graft diameter. Following this, the user is prompted to
indicate which branch vessels are to be incorporated into
the graft. The user may rotate, zoom, and pan in order
to gain a proper understanding of the spatial position of
each vessel. The user selects which branches to include by
simply double-clicking.
Using the mathematically defined anatomical descrip-
tion and the information about the graft provided by the
user, the software then calculates and provides the critical
graft sizing dimensions. Human involvement in this pro-
cess is limited to performing the segmentation and provid-
ing a few simple mouse clicks to indicate the simplest
specifications for the graft to be sized.
Testing methodology
In order to evaluate the validity of this automated
sizing system, 15 patients were randomly selected from a
pool of 350 patients that have had technically successful
placement of branched or fenestrated endografts.3,4 Each
patient had undergone a high-resolution preoperative
arterial-phase CT scan, reconstructed with slices thinner
than 1 mm, which was used for this study. Two data
parameters were chosen: the longitudinal distance between
the renal arteries – the distance along the centerline be-
tween the ostium centers, measured in millimeters, and the
rotational distance between the renal arteries, measured in
hours on a clock face. These two parameters encode the
positions of the two renal arteries relative to one another.
A TeraRecon Aquarius workstation was used to seg-
ment each scan, and the segmented datasets were saved. An
automated sizing was performed for each scan, with the
two renal arteries included in the graft. Then, as a compar-
ison, measurements of the same two data were performed
by a blinded investigator in the conventional manual man-
ner using the same segmented scans.3 The two sets of
measurements were compared with respect to the absolute
longitudinal differences and absolute rotational differences.
The results were expressed as a mean difference, median
difference, and maximum for each type of measurement.
RESULTS
The numerical results of this study are shown in Tables I
and II and graphically summarized in Figs 5 and 6. The
mean absolute difference between the automated and man-
ual longitudinal distance measurements was 1.33 mm, and
the median was 1.19 mm. The mean absolute difference
between the automated and manual rotational distance was
20.1minutes (10.5 degrees, approximately 2.7mm for a 30
mm diameter), with a median of 18.0 minutes (9.0 de-
grees). The worst case of each was a longitudinal distance
difference of 2.97 mm and an angular distance difference of
54 clock minutes (32.5 degrees).
DISCUSSION
To fully understand the results of this analysis, it is
important to understand the context in which manual
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tools formakingmeasurements, but leave a great deal of the
analysis subject to the judgment of the user. The manual
process begins with a centerline calculation, which fre-
quently requires user intervention to correct. Once the user
is satisfied with the centerline, the entire scan is warped
such that the now-defined centerline is straight, and mea-
surements are made in this warped grid. Particularly when
making angular position measurements, a great deal of
discretion is required on the part of the user. The centerline
can be and frequently is modified by the users, and is thus
subject to further error. Currently, manual measurements
remain the gold standard for stent-graft sizing because
there are no accepted alternatives. It is not unreasonable,
however, to think that the automatedmeasurements may in
fact bemore reflective of the actual anatomy thanmanually-
made ones. In fact, the results obtained with manual mea-
surement can vary even between skilled operators.
Currently, when sizing a device, the clinician is subject
to rules which necessarily result in designs, which are not
always optimized to fit the desired anatomy because of
manufacturing constraints. However, the implantation
process affords opportunities to compensate for weaknesses
in the precise shape of the device. The errors resulting from
the measurement process could easily fall within the same
Table I. Results of manual and automated measurements
Patient ID
Longitudinal distance
(mm) Angular distance (h)
Manual Automated Manual Automated
#1 9.68 7.7 6 5.9
#2 0.36 0.1 8 7.6
#3 4.03 1.9 7 6.6
#4 8.36 8.3 6.3 7.1
#5 7.86 5.6 7 6.1
#6 10.05 9.8 7 6.7
#7 14.47 15.2 7 6.2
#8 8.32 8.1 8 7.8
#9 4.29 3.1 5 5.2
#10 3 5.2 7.5 7.8
#11 4.23 7.2 6.5 6.4
#12 0 0.9 6 6
#13 9.55 11.8 7.5 7.7
#14 2.39 2.3 6.5 6.4
#15 20.88 18.4 7 7.4
Table II. Evaluation of differences between automated
and manual measurements
Longitudinal difference:
Mean 1.33 mm
Median 1.19 mm
Maximum 2.97 mm
Angular difference:
Mean 0.35 h (20.8 min)
Median 0.30 h (18.0 min)
Maximum 0.9 h (54 min)range, masking the true inaccuracy in manual geometricmeasurements. Whether it is considered a tool to verify
manual measurements or considered a method to replace
manual measurements, automated stent graft sizing shows
great promise. As the scope of what is deemed “favorable
anatomy” for endovascular treatment widens, the difficul-
ties involved in manual sizing will become more and more
obvious. This automated geometric analysis system is im-
mune to many of the problems that complicate manual
measurements.
Furthermore, an automated sizing procedure would
break down a significant barrier to the dissemination of
complex endovascular treatment, as the intuition and skill
required to properly analyze a patient’s arterial geometry
would be greatly reduced. It would further speed up the
process, in that the user would immediately be alerted to
anatomic situations where a design cannot be readily cre-
ated, thus precluding a fenestrated repair. At present, prop-
erly sizing complex grafts is an art that requires significant
training to master. An operator must understand 3D med-
ical imaging and its limitations and be trained in the use of
an imaging workstation to manipulate and post-process a
scan. He or she must further understand the rules govern-
ing graft designs so that the resultant sizing is a design that
can be built without, for example, placing a stent in an
improper position or placing a fenestration in a position,
which leaves the entire graft structurally unsound. A dis-
tinct advantage of automated sizing is that it makes en-
dograft sizing a science. The results of automated sizing are
precise; they are repeatable and limited only by the resolu-
tion of the scan and the quality of segmentation. The rules,
which determine which grafts can and cannot be built, can
be built into the automated system, eliminating the back-
and-forth design refinement process that stems from im-
proper designs.
As automated analysis becomes more pervasive and as
endovascular treatment is applied to more complex geom-
etry, a slight shift in the approach taken to scans must be
achieved; there is a greater need for improved image reso-
lution and an increased volume of data storage facilities, in
addition to effective preprocessing techniques. Historically,
little emphasis has been placed on the Z-plane resolution of
CT scans. Distance measurements made within axial slices
sufficed for most purposes; the diameter of a lesion was
much more important than its length. Endovascular sur-
gery planning has changed this, and computerized analysis
takes it even further. To fully exploit the capabilities of the
computer doing the analysis and to apply it to as many cases
as possible, collecting high-resolution data is essential.
Though 3 mm scans may be sufficient for many abdominal
aortic aneurysm cases, visceral vessels may be essentially lost
on such a scan.
The requirement for an accurate segmentation is also
critical to both the manual and automated measurement
techniques. The segmentation algorithms used in sophisti-
cated imaging workstations perform impressively when pre-
sented with scans with a properly timed arterial contrast
bolus. In the absence of such a bolus, the algorithms
required to use either method of measurement are limited.
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critical to both the manual and automated measurement
techniques. The segmentation algorithms used in sophisti-
cated imaging workstations usually perform well; however,
there exist several limitations. The contrast bolus must be
timed appropriately with the cardiac output and the scan
acquisition protocol, and the postprocessing requires inter-
action from the user. Poor contrast bolus timing or inap-
propriate scan timing will result in suboptimal gradients in
the completed scan, interpreted by the clinician as a low
amount of contrast, but from the automated analysis per-
spective as an insufficient gradient to isolate the arterial
anatomy from the rest of the scan. Manual sizing allows for
the interpretation of scans with poor contrast dosing to be
utilized, but it is a very labor intensive process. Improve-
ments in CT imaging technology also have the potential to
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angle.improve the input into the segmentation process.The particular mathematical model used to describe the
geometry provides its own advantages.1 By leaving the need
for a numerical grid behind, the equations and parameters
describing the shape of the arterial lumen can be very
concise and precise. At the same time, the model is appro-
priate for the purpose of describing a bifurcating lumen.
Rather than consisting of a huge grid of numbers occupy-
ing hundreds of megabytes, as a DICOM image does, it
consists of a small set of numbers occupying mere kilobytes
of storage. Furthermore, the structure of the numbers
actually contains meaningful information about the under-
lying geometry. The potential utility of such a representa-
tion is great when one considers the ease with which it can
be transmitted, shared, and stored. The precision, accuracy,
comprehensibility, and conciseness of this model make
available a multitude of directions for future work. In
addition to surgery planning, this geometric analysis can be
used for rapid processing and storage of the entire vascular
portion of a CT scan. Diagnostic applications would be
simple to design, as stenoses can easily be quantified.
The advent of four-dimensional (4D) CT scans5 pre-
sents a great opportunity for thorough geometric analysis.
The ability to visualize the movement of anatomy as the
cardiac cycle progresses allows for immensely greater un-
derstanding of tissue than is possible with only 3D scans.
For example, there is evidence that the material properties
of the aortic wall can predict the likelihood of a dissection in
patients predisposed to such an event.6,7 A high-resolution
4D CT scan combined with a thorough geometric analysis
can yield more details regarding the geometric changes that
occur and consequently, may be able to assist with predic-
tion of poor outcomes (rupture, growth, or extension of
disease).
The results of this study are demonstrative of the need
for more thorough testing of automated measurement
techniques. The renal arteries are a good basis from which
to begin, but a more thorough evaluation would include
other branch vessels with greater distances between them.
A prospective validation applied to a wider range of vessels
and a larger number of patients are currently underway.
CONCLUSION
The construct of mathematical representations of pa-
tient specific anatomy from CT data is both feasible and
applicable, allowing for automated endograft device design
even in the setting of markedly tortuous anatomy where the
repair must incorporate major aortic branches. The process
has been validated in 15 patients, where results corre-
sponded well with manual measurements that were used to
successfully implant customized devices that accommodate
the imaged vessels. The application of this technology must
now be studied in a prospective manner and incorporated
into a system users may readily apply to patients undergo-
ing evaluation. Additional attributes of a mathematical
representation of the arterial tree include the 3D expression
from a very compact set of parameters (on the order of
kilobytes) for purposes of data storage, transfer, and other
manipulations.
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Dr Ramon Berguer (Ann Arbor, Mich). I presume that your
software outlines the mathematical mesh at the fluid-solid inter-
face. How does your software deal with thrombus when plotting
this mesh at the fluid-solid interface?
Mr Goel. The mesh depicted in these slides is a represen-
tation of the geometry that we can detect following segmenta-
tion following a conventional CT scan. The geometry itself is
representative of a series of parameters describing control points
on a mathematical construct known as a spline. Therefore, these
meshes are much more accurate than what is visually noted on a
computer screen.
Thrombus, in contrast to opacified lumen, has not been
segmented into the model. Should a segmentation process be
developed allowing for the identification of thrombus, it would be
simple to incorporate it into the mathematical representation of
the aorta.
DrMark Farber (Chapel Hill, NC). I assume that the blinded
reader was someone with severe experience, like Roy, doing read-
ings of the clock positions. Did you analyze the distance on the
clock between the two renals or that Roy said one was at 9:00 and
the system said that it was at 9:20, and on the right renal it was at
3:00 and 2:45? Because it can make a difference if both renals were
in the positive direction or one is in the positive direction and one
is in the negative direction. If the later is true, than half your
patients would probably lose renal artery by the fact that you are 3
or more mm off in your orientation.
The second concerns fenestrated grafts, and Roy’s and the
Cleveland Clinic’s experience. How much tolerance is there? Is 21
degrees or 21 minutes too much, or do you need to refine this and
get this under 10 minutes?
Mr Goel. The blinded investigator was indeed well trained in
the use of this workstation.
The question regarding absolute or relative positions of the
arteries can be applied to any 3D dataset. We always interpret the
points relative to other points within the model. The answer to
your question on the precision required to design a fenestrated or
branch device is complex. When one deploys a device there exists
some flexibility, depending upon the number of branches, oversiz-
ing, and tortuosity, frequently requiring intraoperative adjust-
ment. However, when given a choice between having a device that
has a higher or lower degree of error with respect to reflecting the
native anatomy, one would always choose the more accurate
design.
Dr Mark Fillinger (Lebanon, NH). Interesting work. I have
a couple of questions, the first related to the comment about
reproducibility. I am sure the technique is highly reproducible, butwhen planning a fenestrated or branched endograft, the device is
not always going to orient coaxially to the vessel prior to full
deployment. A computer algorithm may have more trouble deter-
mining that than an experienced human. And so a human can
compensate for the fact that, perhaps, in the coaxial centerline
measurement two vessel origins may be 10 mm apart, but on the
axial reformats they appear to be 5 mm apart, and you may need to
put the fenestration somewhere in between because the device is
going to deploy along an axis that is slightly between the two
reformatting algorithms. Programming a computer to do that is
very hard. It’s hard enough to teach a person to do it. Have you
worked any of that out yet?
Mr Goel. Your point is well taken. There is a great leap to
make from simply making these measurements to actually sizing
the devices. When we attempted to validate this computer model,
we compared the automated measurements with manual measure-
ments, the latter of which were used for fenestration placement in
the device that was successfully implanted in each case. The auto-
mated system and manual methods resulted in similar measure-
ments.
The question of accuracy is kind of unclear when you are
talking about centerlines because there is no absolute definition of
a centerline. Each system has a slightly different algorithm for
centerline determination, and therefore defines a centerline differ-
ently. That is one reason we attempted to use clinical validation in
addition to manual comparison.
Dr Juan Parodi (Pinecrest, Fla). Are you planning to inte-
grate in the equation the potential interaction with wires and
different kinds of devices? Every time we plan to do a fusion of
images, we failed. And the reason is when you have a very tortuous
anatomy and you put a wire, you change the anatomy, depending
upon the calcification and the rigidity of the artery.
In addition, if you use different kind of devices, the anatomy
also changes depending upon the rigidity of the endograft. Are you
planning to integrate that into the equation? My visit to your place
was very instructive and obviously you are working with a very
sophisticated and reliable system but what about dealing with
patients with very tortuous anatomy, how are you dealing with
that? Do you think the system you presented is enough for that, or
you need to integrate this with the interaction of what you are
planning to put inside?
Mr Goel. Predicting the interaction between a stent and the
tissue in a patient’s body is a very complicated task, but would
clearly be a useful endeavor. Such a feat is possible but we would
have to understand the material properties of the aorta and
device.
